I. Introduction
There is an increased interest in long-duration human space exploration in our solar system. Plans to go back to the moon and to go to Mars are already underway. These missions, as well as any other planned human longduration space missions will be difficult and expensive. Traditionally, space programs have expended billions of dollars to achieve their goals. Many previous endeavors were carried out by an individual country rather than rely on international cooperation. In contrast, the International Space Station (ISS) has demonstrated that dividing the cost and risk of space exploration while sharing the knowledge acquired can lead to completion of tasks that one country can not afford to complete by itself.
Fig. 1 Universal Long Duration Tug (ULD-Tug) System (train shown with 4 tugs)
One of the biggest hurdles restricting space exploration is the mass ratio to perform the desired tasks 1 . The mass ratio is the ratio of launch vehicle weight divided by payload weight. The mass ratios increase exponentially for missions with large velocity requirements (delta V). Some important mass ratios are summarized in Table 1 2 .
AIAA 2008-7805 To reach low earth orbit (LEO) the minimum mass of the launch vehicle must be about 20 times the payload mass, that is, a mass ratio of 20. Note this is the minimum mass ratio, for some launch vehicles such as ones that use all solid propellants; the mass ratio can be over 50 to reach LEO 3 . For a landing on Mars and return the minimum mass ratio is at the least 5,000. Space exploration is like going out with an ocean liner and returning with a row boat. With these large mass ratios, the transportation cost for each pound of mass taken to the Mars surface and returned to Earth can easily exceed millions of dollars per pound.
The current plans for human long-duration space exploration depends on a single nation, the United States, building a very large rocket, the Aries V, which will have a gross lift off weight of over 7 million pounds. Thus the current plans depend on a single launch vehicle and a single launch site. An Aries V accident could easily stop exploration for 3 or more years while the cause of the accident is identified and corrected, and for an accident on the launch pad, the pad repaired. Such an accident could cause abandonment of a Moon or Mars base.
This paper describes a new concept called Universal Long Duration Tug (ULD-Tug) that could compliment the current plans for exploration by bringing the resources of multiple international partners into play. With more countries involved, each mission will have access to a wide range of launch vehicles and launch sites, and the cost burden could be shared.
II. Universal Long Duration Tug (ULD-Tug) Concept
We propose a concept in which multiple tugs dock with a payload and fly it to a required destination. The delta V capability of the tugs can be increased by linking them together from nose to tail to form a train. The train in essence becomes a staged rocket assembled in LEO with the lower stages firing first. When one tug runs out of propellant it can be jettisoned allowing the next tug to fire. The process is repeated as the train continues to its destination with its docked payload. Each tug could be modified from existing upper stages or a custom low cost design could be considered. Figure 2 illustrates the Concept of Operations (CONOPS).
There are important benefits to developing a train of tugs. One advantage is that the mass launched into LEO can be spread over many smaller launches, rather than building one massive rocket. This could allow cooperation between different space programs, with each program contributing their own tugs to the train. Perhaps the ISS could serve as an assembly point for the train.
This train concept also gains the mass ratio advantages of staging. Figure 3 shows the delta V advantage of a multi-stage tug as compared to a single stage tug. The total mass lifted into LEO can be much less for a given payload to the Moon or Mars by using several smaller tugs that are staged. The delta V to leave LEO, conduct a lunar landing, and return to earth is approximately 28,000 feet per second. The required velocity for a Mars mission (leave LEO, land on Mars, and return to earth) is approximately 50,000 feet per second.
The tugs in a single train do not have to use the same propellant types or engine types for the concept to work. All that is needed is a common docking system. The tugs should be assembled so that the tugs in the rear that fire first have the lowest specific impulse (I sp ) while the tugs that fire last have the highest I sp . The rocket equation shows that the first stages can have a lower I sp without much increase in overall mass ratio. Stages that use lower I sp storable propellants including solid propellants can be launched into orbit before the higher I sp cryogenic fueled stages, thus minimizing the amount of propellant boil-off.
An additional benefit is that with a train of tugs, there is a built-in redundancy if a spare tug is carried. If the tug that is supposed to fire fails, it can simply be released and the next one can continue the mission. 
ULD-TUG CONOPS

Fig. 3 Mass Ratios versus Number of Tugs
The tug concept does require the development of a docking system that can connect the nose of one tug to the aft end of another. One of the main concerns is developing a docking system that does not damage the engine nozzles. Another concern is structural stability for the train while in flight. The docks must hold together as a train and overcome tendencies for the structural vibrations 4 .
III. Tugs from Existing Upper Stages
The tugs can be built from existing upper stages. The primary benefit in using these upper stages is that only minor modifications are needed to make them compatible with the proposed tug system. Another benefit of using existing upper stages is that many of them already have a control system for stabilization. The engines in the upper stages are also fully developed.
The main modification that is needed is to add a universal docking mechanism to allow an upper stage to join the train. Another modification is to improve the insulation on the upper stages to help decrease propellant boil-off. The following table summarizes some of the available upper stages identified as candidates for modification. 
IV. Station Keeping
Once two or more tugs are joined together, then gravity gradient stabilization can be used to maintain the tug's attitude. The slight difference in gravitational pull between the upper and lower parts of the train will tend to rotate it into a vertical orientation with respect to the earth's surface, with the train's long axis pointed down. Gravity gradient only controls two axes -pitch and roll, but not the yaw axis.
The yaw axis can be stabilized by attaching two panels of solar cells in a V-configuration. Atmospheric drag will rotate the train about the yaw axis so that V trails the rest of the train.
The combination of gravity gradient and atmospheric drag stabilization eliminates the need to expend propellant to provide attitude stabilization for the train of tugs. The train can be left in LEO for long periods of time, as long as its initial orbital altitude is high enough.
V. Cryogenic Propellant Management
A paramount aspect of the ULD-Tug's design is the storage of the liquid cryogenic propellant. Typically with cryogenic propellants, boil off is allowed so that the storage tank does not reach a critical level of pressure that could cause catastrophic failure. As heat transfers into the tank, the cryogenic propellant's temperatures rise and begin to boil producing gases, which are considerably less dense than the liquid. The result of the released gas in a contained volume causes an increase in pressure that can, without relief, cause a tank to rupture. However if the gas is released to outer space to relieve pressure, then the amount of propellant on board is reduced. In the specific case of the long duration space tug, the boil off problem proves to be a highly pertinent issue. Since the tug train is envisioned to be assembled in orbit over an extended period of time, a heat management system must be implemented.
While storing the tugs in LEO, the thermodynamic balance can be simplified into four main components: (1) the radiation from the Sun, (2) radiation from the Earth, (3) the cold void of deep space, and (4) the heat from the tug itself. For cryogenic propellants, the heat flowing from the Sun and Earth will be into the tug, whereas deep space provides a means to radiate heat away from the tug. The propellants liquid oxygen (LOX) and liquid hydrogen (LH2) are difficult to maintain in their liquid state for long periods of time. They boil at very low temperatures, negative 297˚F and negative 423˚F respectively at one atmospheric pressure. Effective insulation and perhaps an active cooling system will be required to minimize propellant boil off to acceptable levels.
Fig. 4 Area Exposed to Sun for a Single Tug using Gravity Gradient Stabilization (single orbit shown)
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There have been many great advances in cryogenic storage in the past fifty years, including the invention and development of sun shades and multi-layer insulation. The Sun provides the greatest source of heat -the Sun's radiation intensity is approximately 1.4 kilowatts (the Solar constant) per square meter near the Earth. Figure 4 presents the projected area of a common upper stage (Centaur) as the sun sees it per orbit. By integrating the area under the curve, a total amount of energy exposed to the tug can be calculated with the Sun's radiation constant. This in turn dictates the amount of energy from the Sun that must be rejected. Equation (1) is the amount of heat passing into the system in terms of its physical characteristics.
( 1) where σ is the Stefan-Boltzmann constant, A i is the exterior area, ε* is the effective emissivity, and T i and T j represent the temperatures on the exterior and interior of Multi-Layer Insulation (MLI). For a MLI blanket with N layers composed of exterior layers with emissivity ε o , and internal emissivity ε i , the effective emissivity (ε*) is found by equation (2): (2) This equation indicates that the effective emissivity of 0.0050 can easily be reached.
The next aspect to consider is the propellant's thermodynamic properties. Figures 5 and 6 presents the phase curves for hydrogen and oxygen 6 . From these plots, a counter intuitive observation can be made. Despite hydrogen's extremely low boiling point, the heat of transformation is greater than that of oxygen. For example at a pressure of 40 psia the enthalpy of saturated liquid oxygen is -49.4 Btu/lbm while the enthalpy of saturated oxygen vapor is 37.3 Btu/lbm. The difference (49.4 + 37.3 = 86.7 Btu/lbm) is the amount of heat required to boil liquid oxygen into gaseous oxygen. In contrast at the same pressure, the amount of heat to boil one pound of liquid hydrogen into gas is 178.6 Btu. The hydrogen vapor is very cold relative to the liquid oxygen and the vapor has a very high heat capacity. If the boiled-off hydrogen vapor were conducted through a heat exchanger in thermal contact with the liquid oxygen tank, the hydrogen vapor can be used to help keep the liquid oxygen from boiling. Over 460 Btu/lbm is required to raise the temperature of saturated gaseous hydrogen vapor to liquid oxygen temperatures. Although the hydrogen is boiling off at slightly more than 1% a month, the liquid hydrogen is only 1/6 of the total propellant mass. Hence overall propellant loss could be less than 0.2% per month. Table 3 summarizes important values and findings of a thermodynamic analysis for a common upper stage (i.e. Centaur). These results show that tolerable boil off levels can be obtained using MLI. This ideal case may need to be amended to account for Earth's heating effects, electrical heating, and heat conducted though structures. If no propellant boil-off is desired, then a cryogenic refrigeration system such as a turbo-Brayton cryocooler or Closed-Cycle Joule-Thomson cryocooler is needed 7 . The later can effectively cool to temperatures below 10 Kelvin. Electrical power from solar cells can provide energy to power such refrigeration cycles. As the tug configuration passes the night side of the Earth, a radiator can reject the incurred heat into deep space without any interference from the Sun.
Most cryogenic problems can be avoided altogether by using propellants that have a much higher boiling temperature. Even solid fueled tugs could be used. As pointed out previously, due to the characteristics of staging, these tugs could be the first tugs in the train without much increase in mass ratio.
VI. Docking
This concept requires a new type of docking system which will connect the nose of one tug to the engine of another. One of the main concerns is developing a system that does not damage the engine nozzle. Another concern is structural stability for the train while in flight. The docks must hold together a long train and overcome tendencies for the structure to vibrate.
The possible docking mechanisms identified include: (1) a petal design, (2) the Capture Tool proposed by Satellite Services, and (3) an interstage connection.
A petal design would consist of several petals that would look like the petals of a flower. The petals would be hinged so that they can rotate and clasp the outside of the engine nozzle of the next tug. A concern with this concept is that the petals may damage the next tug's nozzle.
Satellite Services has proposed a Capture Tool. This design uses a mechanism which hooks and holds on to the inside of the nozzle, allowing the two tugs to attach together. The concern for this concept is that the nozzle may be damaged.
A modified interstage would allow for a solid connection between the tugs and would avoid damaging the next tug's nozzle. The interstage connection would be similar to that of an interstage on a launch vehicle. An interstage is the part of a launch vehicle that connects the lower stage to an upper stage. The interstage concept would be the heaviest, but it also would provide the stiffest connection.
VII. Launch Vehicles
The launch vehicle determines the size and weight of the tug. The majority of the gross mass currently placed into orbit each year is lofted by few different launch vehicles. Table 4 presents the payload capability of these launch vehicles. The Space Shuttle is not included in the list because it will be retired in 2010. The proposed tug concept should work with any of the launch vehicles shown in the table, or any combination of these launch vehicles. The tug concept will even work with the Ares V, a vehicle expected to have a tremendous payload capacity to LEO. The Ares V is currently in development and will not be available for several years and its reliability is unknown.
. 
VIII. Launch Sites
The tugs can be launched from a variety of launch sites. Table 5 presents the major existing launch sites of the world. An orbit inclination has to be agreed upon to which all participating countries can launch to. Because of orbital mechanics, the inclination of the train's orbit can not be less than the latitude of the launch site. IX. Why not a Tanker? There has been significant advocacy for the concept of on-orbit propellant transfer as means for reducing costs. A tanker would transfer its propellant to an empty larger single stage vehicle. This larger single stage vehicle, once refueled by multiple tankers, would propel a payload to its destination. Such a tanker concept would lose the mass ratio advantage of staging as shown in Figure 3 . Also an orbital tanker would need all the components of a tug (propellant tanks, engines, guidance & control, docking) plus a means to transfer propellant from the tanker, so it would be more complicated. It is unlikely a tanker concept would be lower cost as compared to the ULD-Tug concept.
X. Concluding Remarks
A Universal Long Duration Tug (ULD-Tug) concept has been described that could compliment the current plans for human space exploration by bringing the resources of multiple international partners into play. The concept would consist of multiple tugs docked to a payload. The delta V capability of the tugs is increased by linking them together from nose to tail to form a train, which in essence becomes a staged rocket assembled in LEO. Each tug could be modified from existing upper stages and can be launched from existing launch sites using existing launch vehicles. The concept increases the number of countries involved and allows sharing of the cost burden. The ULDTug concept acts as an insurance policy for human space exploration of our solar system by eliminating the dependence on one launch vehicle or one launch site.
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